








Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Frisbie, Dani, "The photobleaching potential of Lehigh River at Bethlehem, PA" (2003). Theses and Dissertations. Paper 823.
January 2004





Presented to the Graduate and Research Committee
ofLehigh University
in Candidacy for the Degree of
Master of Science
In





I would like to thank many people for their support of this project:
My advisor, Dr. Don Morris, for his continued support and guidance,
My committee, Dr. Bruce Hargreaves and Dr. Robert Moeller, for their
generosity with their time and attention,
Dr. Richard Weisman and Dr. Craig Williamson for their guidance,
knowledge and support,
The Lehigh Earth Observatory, Lehigh Alumni Association and the Lehigh
Admissions office for their technical assistance, friendship and support,
Nancy Roman and Laura Cambiotti, in the Earth and Environmental Science
Department office, for their time, patience and understanding,
Scott Imus, Taryn Filo, Traci Rickert, Lora Sterner, Amanda Ault, Laura
Shirey and Patrick Belmont for their support with every aspect of this project.
This work was supported by the EPA S.T.A.R. grant #R829642.
111
DEDICATION
I would like to dedicate this work to the people who were the most influential
in making this project a success through their unending support, friendship and love: .
Leslie and Bill Frisbie, Scott Imus and Bill Imus... without you, I wouldn't be here!
Also, my grandmother Adelle Tunick, who is always in my thoughts and still
makes me smile everyday...
66Th© wiDJrldl n§ riDJoo@
alInl@ ili© ]pllaliC© wlhlndn
ffialy §©©m HJk::© ~lhl© ©Inl@





Certificate of Approval ii
Acknowledgements iii
Dedication iv
List of Tables vi












Table 1: PUV output data at various distances along the lamp .40
Table 2: PUV output for the Q Panel lamp measured on three dates .41
Table 3: Dilution details for the concentration gradient experiment .41
Table 4: The average change in measured variables during the photobleaching
experiments 42
Table 5: Seasonal variations in k and standard error .42




Figure 1: Variations in irradiance with wavelength and position along the lamp .44
Figure 2: Irradiance data for the solar spectrum and a Q Panel 340 lamp 45
Figure 3: A 48-hour lamp vs. sunlight experiment using Lehigh River water .46
Figure 4: The percent variation from natural sunlight for Lehigh River water .47
Figure 5: Semi-log graph of the time-series experiment .48
Figure 6: Variance in k average at 320 nm with change in initial absorbance .49
Figure 7: k average values for the humic acid standard for each experiment.. 50
Figure 8: Correlation analysis between the change in spectral slope values in the
UV-B region and k 51
Figure 9: a) seasonal trends in k average, spectral slope UV-B and the DOC-
specific absorbance, b) seasonal trends in DOC concentration, the
fluorescence ratio and discharge 52
Figure 10: a) shows the variations in k between each year and season, whereas b)
only shows the variations between the seasons 54
Figure 11: Correlation analysis between initial DOC concentration and k 55
Figure 12: The relationship between initial absorbance and k 56
Figure 13: The DOC-specific absorbance in relation to k 57
Figure 14: The spectral slope ofUV-B compared to k 58
Figure 15: Correlation analysis between the fluorescence ratio and k 59
Figure 16: Correlation analysis between conductance and k 60
Figure 17: The relationship between discharge and k 61
Vll
Figure 18: Two extremes of eDOM quality as illustrated by optical variables
such as k, S and the fluorescence ratio 62
Figure 19: Optical properties characterizing DOC quality 63
V11l
ABSTRACT
The change in the optical and chemical properties of chromophoric dissolved
organic matter (CDOM) caused by exposure to ultra-violet radiation (UVR) is a
critical component in regulating the transparency in freshwater ecosystems. This
change in CDOM, which is often termed photobleaching, has primarily been studied
in oceans and lakes. Little is known about river systems and whether photobleaching
has a significant influence on optical properties and UV attenuation. The objective of
this study was to document the photobleaching potential of the Lehigh River by: 1)
evaluating the potential changes in river conditions, 2) monitoring seasonal
variability, and 3) determining the role of environmental variables in predicting the
photob1eaching rate coefficient (k).
Photobleaching rate coefficients were determined in the laboratory by
performing a series of48 hour lamp exposure experiments using Lehigh River water
(lamps simulated the solar UV spectrum). A number of laboratory analyses were
performed on the samples before and after exposure to the lamp. All the variables
measured in this study had significant changes following exposure to UVR, with the
greatest changes occurring in total fluorescence (-57%), absorbance at 320 nm (-
37%), DOC-specific absorbance (-30%), and spectral slope UV-B (+25%). The
calculated fractional change per hour (k) values (average k value of 0.01079 per hour
of exposure) were strongly correlated to the change in spectral slope UV-B (r2value =
0.48, p<0.001), which indicates that the quality of the DOC is significantly altered by
the photobleaching process. Seasonal variability in k over the two-year study period
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demonstrated significant changes between seasons, with the fall having the highest
average k values (k=O.0122) and the spring (k=O.0094) and summer (k=O.0099) the
lowest. This variability is strongly correlated to an assortment of environmental
factors that are also important in regulating the quantity and quality (source) of
eDOM as well as the ionic composition of the river.
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INTRODUCTION
Due to stratospheric ozone depletion, the process ofphotobleaching in aquatic
ecosystems has become a major focus among scientists. Photobleaching is the natural
degradation process that occurs within the dissolved organic carbon (DOC) that is
responsible for the characteristic change in color as well as the absorption of
ultraviolet radiation (UVR). Yet, due to decreases in ozone, the potential rates of
photobleaching can increase drastically with an increase in UVR. Major
consequences involve an increase in transparency of the water column, creating major
problems for living organisms and materials. Photobleaching could also have the
ability to speed up carbon cycling, the most fundamental process that mediates
nutrient cycling, atmospheric composition, and ecosystem metabolism. There have
been many photobleaching studies in ocean and lake ecosystems. However, there has
been little research on rivers and streams and how photobleaching could change these
important freshwater systems that are critical to human survival.
Ultraviolet radiation (UVR) has received a lot of attention in recent years
because of growing concerns with stratospheric ozone depletion. There have been
major decreases in ozone over the poles, as well as measurable decreases in total
column ozone over temperature latitudes (Hader et al. 1998). Many models have
estimated that losses of total column ozone may be as high as two-thirds in the Artic
region during the years 2010-2019 (Williamson and Zagarese, 2002). Since the
discovery ofthe Antarctic "ozone hole" in the early 1980's, ecologists have, been
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attempting to document the affects of increased UV-b radiation on both terrestrial and
aquatic ecosystems.
UV-B radiation potentially has adverse impacts on the environment because it
is characterized by high energy photons. Because the energy per photon is inversely
related to its wavelength (Planck's Law), the shorter UVR wavelengths can
potentially cause the most damage. UVR has a spectral region between 200-400 nm
and is characterized by UV-A (320-400 nm), UV-B (280-320 nm) and UV-C (200-
280 nm). UVR makes up only 6% of the solar radiation reaching the Earth's surface.
Of this 6%, approximately 90% is UV-A, the longer, less damaging radiation (Hader
et al. 1998). The remaining UVR is all UV-B, which is the most dangerous form to
living organisms and biological materials. Both UV-A and UV-B have been shown
to significantly affect the growth and productivity of organisms through many
mechanisms involving molecular targets within exposed cells (Hader et al. 1998).
The primary target is generally considered to be DNA (Williamson and Neale, 2001).
In humans, UV-B is primarily responsible for skin cancer, cataracts, sunburn and
snow blindness. UV-C does not reach the surface of the Earth because it is strongly
absorbed in the atmosphere.
To date, there have been numerous studies in lakes and oceans on the
penetration and influence ofUVR, including the environmental factors that regulate it
(Hader et aL 1989, Morris and Hargreaves 1997, Andrews et aL 2000, Laurion et aL
2000, Osburn et aL 2001, Pace and Cole 2002, Hargreaves 2003). UVR transparency
has been strongly linked to the concentration of dissolved organic carbon (DOC)
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which strongly absorbs UVR. DOC was identified as the main factor explaining the
variation in UV attenuation among lakes and is a good estimator ofUV transparency
(Morris et al. ·1995). Several bio-optical models have been created that estimate UV
attenuation in natural waters when the concentrations and optical properties of algal
pigment and DOC are known (Hargreaves 2003). However, climate has the ability to
control both the watershed yield ofDOC to lakes and oceans as well as the hydraulic
residence time by influencing snowmelt, precipitation, evaporation and soil properties
(Hargreaves 2003). For example, a study on prairie lakes in Canada suggests that
long residence time causes the DOC to become more transparent (Arts et al. 2000). In
another study on lakes in Northern Michigan, variations in DOC were sufficient to
cause large changes in light penetration, standing stocks of carbon and ecosystem
metabolism (Pace and Cole 2002).
In transparent marine and freshwater systems, phytoplankton were suggested
to be an important component in UV attenuation when isolated from watershed
sources, yet little has been published on the subject (Smith and Baker 1981, Kirk et
al. 1994, Hargreaves 2003). Spatial and temporal relationships between DOC and
phytoplankton have been studied in coastal waters; however, modeling has been
difficult due to the complex nature of microbial communities (Vodacek et al. 1997).
More research is needed in order to understand how UVR attenuates in ocean systems
because it could have profound impacts on primary production and carbon cycling.
In addition, the direct impact ofUVR on a varietY of organisms (from
phytoplankton to fish) has also been documented by a number ofresearchers (Lindell
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1996, Williamson 1996, Schindler 1998, Sommaruga 2001). Organisms have the
ability to decrease the effects ofUVR exposure through avoidance, which has been
thought to instigate diel vertical migration in many zooplankton species. Some
organisms also have physiological resistance mechanisms such as enzymatic repair
(Williamson 1996). Nevertheless, exposure to an increase in UVR can have a
profound impact on survival and productivity of aquatic organisms. Drastic changes
are bound to occur in fishery production, species composition and nutrient cycling
(Hader et al. 1998).
Streams and rivers have received little attention to date despite the fact that
lotic ecosystems are typically shallower than lakes, thus providing little refuge from
UVR. The refuge from UVR in streams is further compromised by anthropogenic
influences that lead to a widening and shallowing of the stream channel as well as a
reduction in the riparian canopy that may directly block incident UVR. The UV
environment of streams has yet to be documented and little is known about the
environmental regulation ofUVR attenuation in these ecosystems. A reasonable
hypothesis is that attenuation ofUVR in streams is influenced strongly by DOC
concentration as it is in lakes.
DOC represents a major pool of organic material and is mainly composed of a
complex assortment of carbon compounds (McKnight et al. 2003). It has also been
defined as that portion of organic material that passes through a filter with a pore size
< 0.7/11m and typically has molecular weights ranging from 100 to 100,000 Da
(Aitkenhead-Peterson et al. 2003). In a typical riverine environment, fluctuations in
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quality and composition ofDOC playa substantial role in regulating the fixed carbon
and energy that drives microbial metabolism (Findlay et al. 2001). Heterotrophic
bacteria mediate the contribution of DOC to higher trophic levels (Findlay et al. 1993,
Jones 1995). DOC also interacts with dissolved nutrients and metals and therefore
influences their concentration and availability (Shaw et al. 2000, Pace and Cole
2002). Thus, any small changes in DOC concentration can have profound impacts on
nutrient cycling and ecosystem metabolism because of the many interactions and
large pool. On a global scale, the concentration ofDOC varies from <100 to >4,000
/lmol L-1in freshwater (Perdue and Gjessing 1990, Pace and Cole 2002).
DOC has two main origins in a river or stream ecosystem. Allochthonous
DOC is derived from the decomposition of terrestrial biomass sources and is
transported by runoff and groundwater. This material is enriched in aromatic
compounds (mainly dissolved humic and fulvic substances) with a high capacity to
absorb light (mostly UVR). The ability ofDOC to absorb light has often been termed
color (Cuthbert and del Giorgio 1992, Reche and Pace 2002). The loading of
terrestrial inputs varies according to the catchment's vegetation, climate and land use.
In contrast, autochthonous DOC comes from organic material produced within the
aquatic ecosystem. It is mainly derived from microbial sources (heterotrophic and
autotrophic). This material is mostly composed of aliphatic molecules, which have a
lower capacity to absorb light (Reche and Pace 2002).
Past studies have shown that exposure ofDOC to natural sunlight causes
substantial structural changes. This process has been referenced in the literature as
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either photobleaching, photodegradataion or photooxidation. The terms
photobleaching and photodegradation primarily refer to how the light mediated
process is evaluated (optically vs. chemically). The terms are essentially referring to
the same process. Another important term is photolability, the potential for DOC to
undergo structural changes as a result of light absorption (evaluated either optically or
chemically). Similarly, biolability is the potential for DOC to be assimilated by
heterotrophic bacteria (Osburn and Morris, 2002).
Photobleaching specifically refers to the degradation of the chromophoric
structural groups within DOC that are responsible for the characteristic visible color
as well as the absorption ofUVR. The degree ofphotobleaching is typically assessed
by evaluating optical changes in the DOC that reduce the visible color and UVR
absorbance of a particular sample ofwater. This color is usually expressed in terms
of absorbance over the relevant UV and visible (PAR) wavelengths from 250-700 nm
(Osburn and Morris 2002). Researchers have found that there are specific
compounds within DOC that are responsible for the absorption ofUVR. This optical
portion is termed chromophoric dissolved organic matter (CDOM) and is a major
component of total DOC (Wetzel 2001). These chromophores tend to be degraded as
they absorb UVR, causing changes in the optical properties of CDOM. This change
in CDOM is often termed photobleaching and is reflected as the loss of absorbance,
or the loss of the capacity to absorb light (Osburn and Morris 2002, Reche and Pace
2002). This process ofphotobleaching has also been termed "fading" in previous
studies (Miller 1998).
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Photobleaching is also reflected in the alteration in other optical parameters
such as spectral slope (8) and molar absorptivity (a/[DOC]) (Osburn et al. 2001).
Both of these parameters have been used as indices ofphotobleaching (Morris and
Hargreaves 1997, Vodaceck et al 1997, Whitehead et al 2000). The spectral slope is
more specifically defined as the absolute value of the slope of In (a) vs. wavelength
(Kirk 1994). When the wavelength has units ofnm, 8 has units ofnm- I . A decline in
8 would involve an increase in the transmission of short wavelength UVR relative to
PAR (Morris and Hargreaves 1997). Photobleaching also has the ability to reduce the
molar absorptivity, or DOC-specific absorbance. This parameter incorporates the
DOC into the optical measurement, since in many cases, absorption coefficients
increase proportional to DOC concentrations (Osburn and Morris 2002).
Photodegradation is the term given to the more general process of degrading
organic material with energy provided by photons. In the presence of oxygen or other
electron acceptors, this process is equivalent to photooxidation. This process breaks a
variety of carbon-carbon bonds and generally results in simpler organic structures. In
the extreme case, photodegradation ofDOC may result in photomineralization in
which the organic material is completely oxidized to CO or C02. The process of
photodegradation often converts DOC from biologically recalcitrant compounds to
biologically labile ones, which are rapidly assimilated by bacteria (Bertilsson and
Tranvik 2000).
To date, the study ofphotobleaching has primarily taken place in oceans and
~
lakes. The photodegradation of DOC has been shown to play key roles in oceanic
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carbon cycling and could potentially speed-up and/or control degradation ofterrestrial
derived DOC in esturarian and coastal shelf systems (Miller and Moran 1997
Vodacek et al. 1997, Moran et al. 2000). DOC also plays an important role in the
light -induced biogeochemical cycling ofmany substances as well as in determining
the amount and spectral quality of light available for marine photosynthesis (Mopper
et al 1991, Siegel et al 2002). Many models have been created to predict the effects of
photodegradation on DOC cycling in oceanic systems; however, a limited number of
studies have addressed long-term photodegradation processes making modeling
difficult.
Recent studies in lakes have demonstrated seasonal variability in the
transmission ofUVR (Morris et al. 1995, Hargreaves 2003, Pace and Cole 2002).
These variations appear to be correlated with seasonal or climatic changes in UVR
and the photobleaching ofDOC (Morris and Hargreaves 1997). Precipitation,
evaporation, discharge, hydraulic residence time and temperature are the major
underlying factors that can influence the absorbance ofUVR in the water column
because they have the ability to remove, dilute and/or concentrate allochthonous DOC
sources from the surrounding watershed (Hargreaves 2003). For example, a decrease
in DOC and visible color can occur during sunny or dry periods due to an increase in
residence time and subsequent photobleaching (Reche and Pace 2002).
The effects ofphotobleaching can vary among lakes due to variance in DOC
composition and concentration (Morris and Hargreaves 1997, Osburn et al. 2001). As
previously stated, allochthonous DOC is rich in humic and fulvic compounds with a
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high capacity to absorb light. Autochthonous materials have a low ability to absorb
light. Thus, depending on the catchments area and in-lake production, the source can
be an important factor in the degree to which photodegradation occurs. Thus, the
optical quality and source ofDOC can potentially cause varying photobleaching rates
due to the extent that photobleaching has occurred on existing DOC (Osburn and
Morris 2001). For example, the optical quality can be described in terms ofa
spectrum with varying levels of DOC quality. The two end members of the spectrum
or extremes possess differences in their optical characteristics and source, which can
be measured or defined by parameters such as the spectral slope, DOC-specific
absorbance and the fluorescence ratio. One extreme can be defined as being
allochthonous DOC, with a low S, high DOC-specific absorbance and a low
fluorescence ratio. In contrast, the other end of the spectrum can be characterized by
autochthonous DOC, with a high S, low DOC-specific absorbance and a high
fluorescence ratio. Moreover, these two extremes can possibly be characterized by
their photolability or photobleachingcoefficient (k). This study suggests that
autochthonous material may potentially be defined by a high k, wheras allochthonous
material may be defined by a low k.
Despite all the recent research done on UV transparency on oceans and lakes,
little is known about river systems and whether photobleaching has a significant
influence on optical properties and UV attenuation. Spatial and temporal patterns that
relate UV attenuation, DOC concentration and optical quality in lakes appear to be
driven by the rates ofDOC flux, photobleaching and climatic properties (Hargreaves
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2003). Yet, do these same relationships exist in rivers and streams? A major
consequence of photobleaching in rivers would be an increase in transparency due to
the degradation ofDOC. There could also potentially be an increase in the rate of
carbon cycling which would cause an increase in uptake in the microbial community.
This change could pose many problems in nutrient cycling and ecosystem metabolism
in which humans depend on for food resources. Prior research has shown that
exposure to UVR can reduce the photoreactivity of CDOM, which reduces the
efficiency ofphotochemical reactions (Osburn and Morris 2002). Thus, if the DOC
from a river is already degraded when it enters into a lake system, there could be
major effects on the lake composition and biota within. Another concern surrounds
the notion that rivers and streams are generally shallow and are becoming subjected
to higher levels ofUVR. Humans are altering natural river channels by widening the
channel and reducing the amount of riparian buffer zones and forests around the
water body. Thus, it is necessary to understand the possible effects that
photobleaching could have on a river system, especially with our ever-changing
environment.
The goal of this research is to evaluate the photobleaching potential of CDOM
in the Lehigh River. The influence of solar radiation can be primarily evaluated by
measuring the loss of absorbance, as well as the changes in DOC concentration. The
first part of this study will evaluate potential changes in river conditions due to
photobleaching. Secondly, we will monitor seasonal variability over the course of
this two-year project. Lastly, we will determine the role of environmental factors in
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predicting the photobleaching rate coefficient (k). It has previously been shown that
photochemical reactions are strongly influences by the chemistry as well as the
optical quality of the aquatic system. This portion of the study is critical to
understanding potential future problems for aquatic ecosystems.
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METHODS
DESCRIPTION OF THE STUDY SITE
The Lehigh River in northeastern Pennsylvania runs for 172200 meters and
drains an area of approximately 1,363 square miles. The headwaters are situated in
the Poconos near Gouldsboro, PA and the mouth is located in Easton, PA where it
joins the Delaware River. The width of the main stem ranges from 100-150 feet and
the average depth is 2 meters. Over a million people live in the Lehigh River
watershed, thus classifying the river as High Priority according to the Environmental
Protection Agency (Wildlands Conservancy). The sampling site lies directly beneath
the Route 378 Bridge in Bethlehem, PA. The coordinates for this point on the bridge
are: N 40.61486°, W 75.38438° (NAD83).
GENERAL INFORMATION
This study began during the summer of 2001. Dip samples were collected
from 4 points along a cross sectional transect ofthe river. These samples were then
integrated and returned to the lab. Samples were filtered through pre-ashed (450°C)
Whatman GFIF filters and stored in a refrigerator until used in the study. A number
of water quality parameters (dissolved oxygen, pH, conductivity, alkalinity, total
particulate material and spectrophotometer scans) were measured on the day of
collection using standard techniques. Discharge and precipitation values for the
Lehigh River at this site were provided by the USGS, which maintains a gaging
station nearby (Station # 01453000). Estimates of precipitation for the Lehigh River
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watershed were obtained from the USGS Real-Time data page. 5-day rainfall
averages were calculated and used in the analysis of the study.
Each photobleaching experiment was performed on batches of samples
corresponding to 7 dates. Prior to each experiment, the samples were allowed to
equilibrate to room temperature. Samples were vigorously shaken (to provide O2
saturation) and passed through a polysulfone Millipore Sterivex (0.22 flm) filter using
a peristaltic pump. These filters removed any remaining bacteria and fine particulate
material. The filter cartridges were pre-rinsed with 100 mL of deionized water before
use because they can leach material that is detectable in a number of our optical
analyses. Filtered water was then placed in an open container for an additional 30
minutes in order to further stabilize the dissolved oxygen.
Each of the seven samples was distributed into triplicate quartz test tubes (20
mm diameter, 2 mm thick, 165 mm length with Teflon caps) that were previously
acid-washed and ashed. The tubes were filled to eliminate air bubbles, capped,
randomized, and placed on a wire rack 10 em below the dual tubes of a QPanel 340
lamp (the solar energy spectra for quartz can be found in Williamson et al. 2001).
The exposure time for all samples was 48 hours. A fan was utilized to limit the
heating of samples to not more than 2-3°C above room temperature.
LABORATORY MEASUREMENTS
A number of laboratory analyses were performed on the samples before and
after exposure to the lamp. Dissolved oxygen (YSI 5000), pH (Orion model 330) and
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conductivity (Orion model 105) were measured using bench top meters. In the case of
the photooxidized samples, DO was measured by inserting a small magnetic stirring
bar and O2 probe directly into the quartz test tube. Alkalinity was measured using a
Gran titration method described in Wetzel and Likens (1991). Total particulate
material in river water was measured using ashed, pre-weighed Whatman GF/F filters
(pore size approximately 0.7 urn). After filtration, the filters were placed in a 70 DC
drying oven for 24 hours before being reweighed.
Dissolved absorbance was measured using a Shimadzu UV-1601 dual-beam
spectrophotometer and 10 cm quartz cuvettes. Samples were referenced to air and
deionized water blanks were used to correct for scattering and absorption by the
cuvette and by pure water. The following equation was used to calculate the
absorption coefficient (a) at specific wavelengths according to Kirk (1994):
(1) a =(A sample - A blank) * 2.303/path length (m)
Spectral slope (S) was calculated as the absolute value of the loge transform of·
absorbance for UV-A (320-400 nm), UV-B (280-320 nm), and UV-A+B (280-400)
according to Kirk (1994):
(2) Spectral Slope (S) = /1logea//1 wavelength (nm)
DOC specific absorbance (a320/[DOC]) was calculated by dividing the absorbance
at 320 nm by the concentration of DOC (mg/L).
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Fluorescence was measured with a Shimadzu RF 551 (A.ex 370 nm, A.em 400-
700 nm). Total fluorescence was calculated by summing the fluorescence values for
each 1 nm band from 400-700 nm. The fluorescence of deionized water (at the same
temperature) was subtracted from samples to correct for scattering. The fluorescence
ratio (f450:f500) was calculated to help identify possible DOC sources (McKnight
2001). Dissolved organic carbon (DOC) was measured using a high temperature
combustion method (Shimadzu TOC-5000).
THE PHOTOBLEACHING STANDARD
A standard was used throughout the photobleaching experiments in order to
help calibrate the results and to identify any change in UV lamp output over time.
The standard consisted ofa solution of humic acid (Aldich #H1, 675-2) prepared at a
concentration that provided absorbance values similar to those of the Lehigh River.
The standard was prepared for each photobleaching experiment from a concentrated
stock solution and processed in a manor identical to that described above for the
samples.
CALCULATION OF PHOTOBLEACHING RATE
Photobleaching rate coefficients (k) were calculated for each sample as:
(3) k = (In afinal - In ainitial) / duration of exposure (h)
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The value ofk represents a fractional loss of absorbance per hour and is reported in
this study as a positive value. This equation assumes that there is an exponential
decline in absorbance (a) from the initial to final measurement. This calculation was
performed for each of the triplicates, using a duration time of48 hours. Average
sample values ofk were computed at wavelengths 250, 305, 320, 340, 365 and 380.
For the purposed ofthis study, the kavg for 320 was primarily used. All regression
analyses were done in Statgraphics Plus 5.0.
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RESULTS
VALIDATION OF EXPERIMENTAL ApPROACH
Lamp Measurements. Irradiance was measured using the profiling radiometer
(Biospherical Instruments PUV-501B, San Diego, CA) to determine the lamp output
for UVR and PAR. Corrections were made for the PUV use in air using the emersion
coefficients. For the purpose of these measurements, the sensor of the PUV was
placed at the same distance from the lamp as the test tubes during incubation (10 cm).
Measurements were made at various points along the lamp, averaged, and corrected
for scattering. The output of the lamp varied slightly with position (Figure 1 and
Table 1) but did not vary with time (Table 2). The reduction of energy at the lamp
edge is why the last 15 cm of the lamps were never utilized in the incubations.
Randomization of our samples under the lamp ensured that no systematic error was
introduced due to positional effects.
Figure 2 illustrates the incident spectral solar irradiance for a four hour period
centered on solar noon during an average July day at Lake Lacawac (41oN, 7SOW)
(R.E Moeller, unpublished). It also illustrates the irradiance for a Q Panel 340 lamp
measured at the same distance from the lamp as the experimental quartz tubes. A UV
radiometer (GUV 521, Biospherical Instruments) recorded irradiance at four UV
wavebands (305, 320, 340, 380 nm). These data were used to adjust a radiative
transfer model (RTBasic from Biospherical Instruments). Both spectra were time
integrated to yield mJ*m-2*nm-1 (irradiance multiplied by the number of seconds in
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48 hours). When comparing the spectra in Figure 2 it is apparent that they vary in
both shape and intensity. The spectrum for the lamp possesses much lower irradiance
values in the UV wavelengths than the solar radiation spectrum. The peak output for
the lamp is approximately 40% that of maximum sunlight at 343 nm (3.56E+07
mW*m-2*nm-1lamp vs. 9.20E+07 mW*m-2*nm-I).
Lamp vs. sunlight comparisons of photobleaching. A comparison between results
obtained for the UV lamp and actual sunlight was performed to determine if the lamp
effectively reproduced natural solar photobleaching effects. This comparison is
critical because we want to be able to extrapolate our laboratory study to natural
sunlight. This experiment was performed on August 16 and 17, 2002 under clear sky
conditions. In this experiment, six replicates of a Lehigh River water sample were
studied. The DOC concentration ranged from less than 1 ppm to greater than 10 ppm
(with absorption coefficient values between 0.099 m- l and 1.495 m- l ). Three
replicates of each sample were placed on the roof ofWilliams Hall at Lehigh
University, while three replicates were placed under the lamp. All samples were
incubated in the same quartz tubes previously described (see Methods for tube
geometry). The samples that were exposed to natural sunlight remained on the roof
for 48 h in a shallow bath of deionized water designed to maintain a constant
temperature. The tubes placed beneath the lamp were also exposed for 48 hours. All
of the samples were analyzed before and after the incubations using methods
previously described.
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Figure 3 shows the results for the Lehigh River sample. The mean change in
absorbance between 280 and 340 nm is very similar regardless of light source
« ±5%). At wavelengths longer than 350 nm (in the UV-A region) the lamp deviates
more significantly due to changes in the irradiance of the lamp. At this point, the
lamp irradiance underestimates solar effects on absorbance.Yet, in this study, the UV-
B spectrum is of the greatest interest. Furthermore, the percent variation from sunlight
is also a useful way to compare the lamp and solar radiation results (Figure 4). The
solar absorbance values were subtracted from the lamp absorbance values for each
wavelength, which shows that the percent variation from sunlight is less than 1%
across the UV wavelengths. Thus, this study clearly demonstrates the similarities
between the lamp and actual sunlight over a 48-hour period.
Time-Series Experiment. The calculation of the photobleaching rate constant by our
method assumes that there is an exponential decline in absorbance over time. In
order to verify that the loss of absorbance was indeed exponential, a time-series
experiment was conducted. Twenty-four replicates ofLehigh River water were
prepared (as described previously in Methods) and exposed to the QPanel 340 lamp
for different periods. Triplicate samples were removed at 3,6,9, 12,24,36 and 48
hour intervals and measured as previously described (see Methods). When the values
were plotted on a semi-log scale, the decrease in absorbance was linear (Figure 5; r2=
0.98; p:S 0.001). Thus, it is reasonable to calculate "k" as a 1st order exponential
decay.
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Concentration Gradient Experiment. A concentration gradient experiment was
performed in order to investigate the effects of absorbance on the photobleaching rate
constant. In theory, the relative amount ofphotobleaching will depend on the molar
ratio ofphotons to chromophores in a sample. For example, a sample with a low
absorbance will have chromophores completely saturated with photons since most of
the photons have the ability to penetrate the entire geometry of the tube. In contrast,
once the molar ratio ofphotons to chromophores falls below 1, the system becomes
subsaturated and the relative photooxidation rate should decline as absorbance
increases (i.e. many chromophores in the sample are "shaded" by CDOM in the light
path). Since there is a constant flux ofphotons generated by the lamp, an experiment
which provides an absorbance gradient can be used to explore the relationship
between the degree of saturation and the photooxidation rate constant.
Water from a sphagnum bog (pH = 3.57) which is located around a glacial
lake in the Pocono Mountains, PA was used for this experiment. The bog water was
diluted to various concentrations with DOC ranging from 1 to 40 mg/L (with
absorbance values between 0.187 m-l and 4.000 mol). Each of the triplicate samples
was buffered with sodium phosphate dibasic to maintain a relatively constant pH
across the absorbance range (Table 3).
Figure 6 demonstrates the effect of absorbance on the photobleaching rate. At
absorbance values less than about 1.0 m-l, k increases slightly with absorbance.
However, once absorbance exceeds 1.7 m-l, k decreases with increasing absorbance.
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This suggests that at absorbance values greater than 1.7 m- l , the chromophores
become subsaturated with photons, thus decreasing k. As absorbance exceeds
2.0 m- l , k rapidly approaches zerobecause the amount ofphotobleached
chromophores becomes an ever decreasing fraction of large amount of chromophores
being added to the system. These results are probably specifically applicable only to
the geometry of our particular experimental system but will provide important
insights into the interpretation of our data.
The range of absorbance observed in the Lehigh River is shown in Figure 6
(bar). Across this range, changes in absorbance alone could account for a variation of
approximately +/- 8%. Furthermore, absorbance values in the Lehigh River never
reach levels that could introduce errors in k due to subsaturation.
Humic Acid Standards. Humic acid standards were used in each experiment to
demonstrate consistency of the lamp output and experimental procedure during the
course ofthe study. For each experiment,a standard was run (in triplicate) along with
the Lehigh River samples. Values ofk for the standard showed little variations over
time (Figure 7). There are small variations in k between experiments but they are
small and nonsystematic. When the values ofk for the standard are pooled, there are
no significant differences between dates (Figure 7). A regression analysis was also
performed to determine whether k varied with hours of lamp use. This analysis could
potentially indicate whether k may have been influenced by a change in output
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associated with the use of the lamp. This analysis found no significant relationship
between k and lamp hours.
We originally intended to correct Lehigh River values of k using values
obtained for the standard during each photooxidation experiment. This was not done
for several reasons. First, variations in the standard were small and the application of
a correction factor made little difference relative to the seasonal variations in k for the
Lehigh River. Second, the photolability of the standard is not representative of
CDOM observed in the Lehigh River. For example, humic acid is approximately half
as photolabile (mean k = 0.0053) as CDOM in the Lehigh River (mean k = 0.01079).
Thus, the standard was not used as a correction factor for the photobleaching
experiments but was used as an indicator of lamp output and experimental
consistency over time.
OPTICAL AND CHEMICAL CONSEQUENCES OF PHOTOBLEACHING
Photobleaching caused significant changes in all the variables measured in
this study. Table 4 shows a summary of data pooled for 72 dates for which
photobleaching experiments were performed. The greatest changes were observed in
total fluorescence and absorbance with a 57% and 37% decrease respectively. The
DOC-specific absorbance (-30%) and the UV-B spectral slope (+25%), indices of
DOC quality, also changed substantially. Small but statistically significant changes
were also observed in pH (-2%), dissolved oxygen (-8%) and DOC (-10%).
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Correlation analyses of the average change in several variables were
performed with the measured value of k. The degree of change in spectral slope (S
UV-B) as a result ofphotobleaching was highly correlated to the observed value ofk
(r2 =:0.69; p::::O.OOl) as shown in Figure 8. This suggests that photobleaching does not
decrease in absorbance uniformly across the UV-b spectrum. Other variables that
reflect the optical quality are DOC-specific absorbance and the fluorescence ratio.
However, the change in these variables from the photobleaching process did not
produce significant correlations when compared to k.
SEASONAL VARIATIONS IN K
Figure 9a shows the seasonal trends in k and other optical parameters over the
course of the two-year study. The average value ofk was 0.01079 but substantial
seasonal variation was observed. The higher rates ofphotobleaching occur in the fall
of each year around the time ofleaf drop. Similarly, lower rates occur in February
and March which could be related to snowmelt. The spectral slope (UV-B) and
DOC-specific absorbance have comparable variations as k, but the main similarity
occurs during the spring and fall. Both of these variables possess lower values in the
spring and higher values in the fall, which coincide to the changes in k. Figure 9b
illustrates other important variables such as the [DOC], fluorescence ratio and
discharge. These variables also vary significantly throughout the year, but aren't as
strongly correlated to variations in k.
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In order to formally test whether there was seasonal variation in the
photobleaching rate coefficient (k), each year was divided into four quadrants based
on the calendar season and the timing of snow melt and leaf drop (Table 5). Winter
included January - March, spring was April- May, summer was June - September
and fall was October through November. No samples were collected in December of
each year. The photobleaching rate coefficient was lowest in the spring (0.0094), and
highest in the fall (0.0122) as illustrated in Figure 10. Figure lOa illustrates the
differences in k between the two years as well as the variations by season. Figure lOb
shows the pooled k values for the two years by season. This graph produced
statistically significant changes for each season.
ENVIRONMENTAL CONTROL OF K
A correlation analysis was performed to investigate which environmental
factors may be important in regulating k in the Lehigh River (Table 6; Figures 11-17).
Both precipitation and discharge were inversely correlated with k (p ~ 0.001) and
explained about 20% of the variation. These variables do not directly influence k but
are probably important in regulating the quantity and quality (source) of CDOM as
well as the ionic composition of the river which may directly influence
photobleaching rates. Conductivity, pH, and alkalinity were each significantly
correlated with k (p ~ 0.001) and explained 19-37% ifit's variation. A suite of
variables related to DOC concentration and quality ([DOC], total fluorescence,
fluorescence ratio, absorbance, DOC-specific absorbance, and UV-b spectral slope)
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were each inversely correlated with k (p :s 0.001) and explained 17-51% of the
variation in k. The fluorescence ratio (51 %), UV-b spectral slope (44%) and DOC-
specific absorbance (30%), possible indicators ofDOC source and prior




This study suggests that photobleaching may playa critical role in
determining the optical environment of a river ecosystem. Even though it has been
well established that photobleaching is an important component in ocean and lake
systems, there are few studies that take place in rivers. It has previously been shown
that photochemical degradation ofDOC is responsible for the decline in UV
transparency in the epilimnion oflakes (Morris and Hargreaves 1997). Many studies
have also indicated that photobleaching could be an important component of carbon
cycling in freshwater systems as well as a major rate-limiting process for DOC
cycling in oceans (Mopper et al. 1991). Thus, it is necessary to understand what
environmental variables are altered by or affect the photobleaching potential so that
scientists have a better understanding ofhow light behaves in a river ecosystem. This
study attempts to document the photobleaching potential in the Lehigh River at the
378 Bridge in order to uncover what variables playa critical role in this process.
PREVIOUS MEASUREMENT OF K
The photobleaching rate coefficients (k) were determined in the Lehigh
River for 72 dates over the course of two years. The values ofk ranged from
2.3*10-4 (±1.2* 10-3) to 28.1 *10-4 (± 9*10-5) per hour of exposure. To our knowledge,
only a few studies have used the term k to express the photobleaching coefficient,
with one of the more recent studies being Reche and Pace (1999 and 2002). Their
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2002 study took place in a lake ecosystem with calculated photobleaching
coefficients ranging from 1.05*10-s(±3.75*1O-6) to 2.34*1'0-4 (±1.33*10-s) (Em-2r1
per hour when quartz bottles were used. Variations are expected due to major
differences in methodology and incubation with sunlight rather than lamp exposure.
Some of the variation is also assumed to be a result of different systems: lake versus
river ecosystems. One explanation for the higher k values in the river could be due to
the abundance of fresh DOC and high turnover rate ofpreviously degraded DOC.
The various sources of discharge as well as the constant flow ofwater move fresh,
allochthonous DOC to the river and degraded DOC towards the oceans.
OPTICAL AND CHEMICAL CONSEQENCES OF PHOTOBLEACHING
There were many optical changes that took place during the photobleaching
experiments that are comparable to other studies. The greatest changes during the 48
hour exposures were observed in total fluorescence and absorbance with an average
loss of 57% and 37% respectively. This is comparable to an ocean study in the
Middle Atlantic Bight where photobleaching caused a 70% loss in surface water
eDOM absorbance and fluorescence. Their results concluded that photobleaching of
eDaM has the potential to severely reduce surface water optical signals when
conditions are favorable with high light intensities and a shallow mixing layer
(Vodacek et al. 1997). The Lehigh River appears to have favorable conditions for
potential losses in optical properties during summer conditions when there is a high
amount of UVR and the water depth decreases due to a lack of rainfall and discharge.
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Furthermore, the spectral slope parameter provides a mechanism for
comparing optical properties of CDOM over time and space (Zepp et al. 1998,
Markager and Vincent 2000). Our results show that photobleaching causes an
average 25% increase in the absolute value of the spectral slope during the
photobleaching experiments. This is comparable with many other field and
laboratory studies (Vodacek et al. 1997, Whitehead et al 2000) but has not shown to
be a consistent result in recent years (Gao and Zepp 1998). In a long-term study on a
coastal marine environment, changes in the spectral slope increased as the length of
irradiation increased (Moran et al. 2000). Likewise, a mesocosm study also reported
increases in the spectral slope ranging from 9.8% - 15.6% depending on the system
characteristics (Whitehead et al. 2000).
In this study, the spectral slope reported the most statistically significant
change, which resulted in a change in the spectral characteristics of CDOM
absorption. As the photobleaching rate increased, there was an increasing change in
S in the UV-B region. This is indicative of a decrease in the absorption capabilities in
wavelengths 280-320 nm relative to the PAR wavelengths. A 25% decrease in the
relative absorption of CDOM could have many negative implications at the
ecosystem level because of the direct decrease in the optical quality of the CDOM.
Photobleached eDOM is less absorptive ofUVR, which could potentially cause the
water to become more transparent over a long exposure period. A greater
transparency in freshwater ecosystems such as rivers and streams has many potential
hazards because the DOC acts as a shield to incoming UVR. Animals and organisms
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that live within the river ecosystem could experience the consequences of exposure to
UVR such as DNA damage, changes in reproduction rate and ecosystem metabolism.
There were also small but significant changes in a variety of other variables
including DOC (-10%), dissolved oxygen (-8%), and pH (-2%). A loss of the DOC
could be problematic for aquatic ecosystems, especially during extended exposure to
sunlight. The DOC loss was due to photomineralization rather than microbial
processes since all the bacteria were removed during the filtration process. The DOC '
is mineralized and converted into gases such as C02, CO, OCS and VOC. This
increase in degradation could potentially be an important mechanism for controlling
the turnover ofDOC in both ocean and freshwater systems. Significant decreases of
DOC in a river could potentially increase the rate of carbon cycling and consequently
the uptake kinetics in the microbial community. This change could pose many
problems in nutrient cycling and ecosystem metabolism in which humans depend on
for food resources.
Furthermore, the dissolved oxygen in a river ecosystem is critical to aquatic
organisms and plants. The level of dissolved oxygen regulates species diversity in the
river. In the presence of oxygen, photobleaching is equivalent to photooxidation, and
caused an 8% average decrease in the DO level in this study. This significant
decrease could potentially cause anoxia in rivers when coupled with other hazards
such as land use changes. This effect would be the most hazardous during warmer
summer months when the oxygen solubility ofwater is low and photobleaching is
high. To date, there have been few studies that measure the photobleaching
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coefficient and its affects on dissolved oxygen specifically. Most likely, other studies
on both freshwater and marine systems will produce comparable results with minor
but significant declines in dissolved oxygen.
SEASONAL VARIABILITY
This study illustrates that the photobleaching rate coefficient (k) is variable
throughout the year in the Lehigh River. The seasonal variability (Figures 9 and 10)
is correlated with environmental factors such as the five-day precipitation values and
discharge (Figure 17). Even though the correlations for rainfall and discharge
explained only 20% of the variability in k, these environmental factors have the
ability to indirectly control the quality of the DOC material in the river system.
Rainfall is primarily responsible for the transport of terrestrial DOC to the river,
which varies substantially with season. During the fall months when there is an
abundant supply of fresh undegraded DOC in the terrestrial environment due to leaf
drop, high amounts of rainfall carry this material to the river system. During the
summer months however, when the amount of rainfall drops significantly, the DOC
within the river tends to become severely degraded due to the lack of fresh material
being transported by rainfall events.
Furthermore, the DOC in the fall and winter is more photoreactive with higher
rates ofk, whereas the spring and summer are less photoreactive. These results are
comparable to those observed in previous studies on lake ecosystems where seasonal
variability ofphotobleaching was observed (Reche and Pace 2002). The summer
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values were probably low because the chromophores in the DOC had previously been
;: ....
degrad~d by high levels of solar radiati-on. During this time, there were also minimal
amounts of rainfall, especially during the second summer of sampling when there was
an extreme drought. As previously stated, a lower amount of rainfall indirectly
affects the quality of the DOC within the river system because there is little or no
transport of fresh terrestrial DOC.
On the other hand, the fall and winter had higher k average values because the
DOC was exposed to lower amounts ofultra-violet radiation. The quality of the DOC
in the river was very different during these months as illustrated in the seasonal
variations in spectral slope, DOC-specific absorbance and fluorescence ratio
(Figure 9). There is generally a greater amount of rainfall during these seasons,
which transports fresh, undegraded, terrestrial, DOC to the river system. Furthermore,
the residence time of the water also increases due to a higher amount of discharge
moving water down the river. The peaks that occur during both years from mid-
September through October could be associated with leaf-drop. Leaves are a major
source of terrestrial material in Pennsylvania's temperate climate and definitely play
an important role in water transparency in the fall. The peak during year 2001-2002 is
much greater than the peak in the 2002-2003, probably because the first fall was
I'
fairly dry, with few storms and rainy periods. In contrast, the second fall was
extremely wet, with record amounts of snow and rain.
As shown in Figure 9a and 9b, there are many other variables that demonstrate
seasonal variability that are specifically related to the DOC quality. The peak that
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occurs with k in October of each year is also present in the DOC-specific absorbance
and the spectral slope (UV-B). This trend is the most apparent between k and spectral
slope (UV-B) during the year 2001-2002. The dips that occur in the k values during
the spring of each year are not quite as pronounced in spectral slope and DOC-
specific absorbance; however similarities do exist during for 2001-2002 perhaps in
relation to snowmelt.
Furthermore, Figure 9b illustrates the seasonal variability in other variables
closely associated to k: [DOC], discharge and the fluorescence ratio (f450:f500).
With the exception of discharge, there are few pronounced peaks that coincide with k.
The fluorescence ratio, which has a strong correlation to both k and spectral slope,
fluctuates very rapidly during the 2001-2002 and very gradual from 2002-2003. The
differences between years could be caused by a change between wet and dry periods
since the first year was during a drought and the second year was characterized by
wet conditions.
Lastly, seasonal variations in water residence time and discharge play an
important role in the photobleaching potential of the river ecosystem. An increase in
water residence time during drought periods and warmer summer months could
potentially be a reason why summer k values were low in this study. Variations in
sources of discharge throughout the year can cause changes in k as well as the
chemistry of the water. The Lehigh River has many sources of discharge such as the
bicarbonate dominated groundwater, F.E. Walter dam release water, many tributaries,
rainwater and other release sources.
34
ENVIRONMENTAL CONTROL OF K
The results of this study show that environmental factors and river conditions
can drive the photobleaching rate. The chemistry of the Lehigh River is not modified
drastically by exposure to UVR; however, the photochemical reactions are strongly
influenced by the chemistry of the aquatic environment. Variables such as the
conductance, alkalinity and pH can affect DOC and its capacity to photobleach.
The pH is significantly correlated to the photobleaching rate constant in the
Lehigh River. The pH ranged from 7.10 to 8.02 over the course of this study, with
the higher pH values corresponding to a higher k. These results somewhat contrast
the results of other river and lake studies that report that the presence ofhigh
concentrations of iron and a lower pH enhance photobleaching of CDOM and the
production ofCOz, CO and NH4 (Gao and Zepp 1998, Bertilsson and Tranvik 2000,
Scullyet al. 2003). The iron content ofthe Lehigh River was not measured in this
study, which may be the cause of the differences in results. It has been suggested
though that a higher pH can alter the chromophores in CDOM and cause the DOC to
more readily degrade. This could be one possible explanation for the correlation
observed in our study.
The conductivity also had a strong correlation in the Lehigh River with
increasing conductivity values associated with a higher k (conductivity ranged from
120-370 us/em). Higher conductivity could stem from the source of the water or the
source and quality of the DOC material. If conductivity is influenced by the source
of the material, rainfall probably plays an important role in dictating the relationship
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between conductivity and k. Future studies are needed to isolate both alkalinity and
conductance to determine which plays a more important role in determining k.
One of the most profound findings in this study is how the photochemical
reactions are greatly related to and influenced by the optical quality of eDaM in the
river environment. Some of the strongest correlations to k are the spectral slope
(UV-B) and the fluorescence ratio f450:f500. Bothofthes~s are indicative
of the DOC quality and source and could possibly be used as predictors ofk in river
systems. The spectral slope has previously been identified as one mechanism for
estimating CDOM absorptivity (Zepp et al. 1998, Moran et al. 2000) yet it also
appears to be a major driving factor in determining the photobleaching capacity of the
eDOM in the Lehigh River. The fluorescence ratio is also strongly correlated to k
indicating that the source of the DOC material may be indicative of the ability of
eDOM to degrade. The fluorescence ratio, as described by McKnight et al. (2001),
ranges from 1.25 to 1.75 in this study, which demonstrates the variety of sources of
DOC material found in river environments. The more autochthonous material (closer
to 1.9), the more photlabile the material becomes. Thus, the allochthonous derived
material (closer to 1.2) is less photolabile which could indicate that the more humic
compounds are harder to photobleach. Few other photodegradation studies have
reported fluorescence ratio values; however, we believe that this parameter could
potentially be a regulator ofk in the Lehigh River.
According to the seasonal patterns illustrated in Figure 9 as well as the
correlation analysis results in Table 6, there is a clear relationship between k and
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optical properties such as the spectral slope, DOC-specific absorbance and the
fluorescence ratio. For this reason, k can also be used as another parameter or
measurement that indicates the optical quality ofDOC as illustrated in Figure 18 and
Figure 19. Varying levels ofDOC quality can be viewed as a spectrum (Figure 19)
with the two extreme end members representing allochthonous and autochthonous
material. Allochthonous material can be characterized by a low spectral slope, low
fluorescence ratio and a high DOC-specific absorbance. A high k value is associated
with a high spectral slope, high fluorescence ratio and a low DOC-specific
absorbance. These are just a few of the measured variables that have been used to
identify the DOC quality. However, in this study, we are justifying the use ofk as
another optical parameter that can indicate DOC quality. The k parameter has the
ability to link optical energy to other parameters, which is why it may provide a better
understanding ofDOC kinetics in a river system. In the absence of k, there is the
possibility ofpredicting k using other optical measurements such as the spectral slope
or the fluorescence ratio.
CONCLUSIONS
The photobleaching rate coefficients provide an estimate of the potential
effects ofUVR on a river environment due to the degradation of CDOM. The results
of this study show that the photochemical degradation of CDOM is consistent with a
decrease in the absorption properties, mainly the spectral slope,·and is correlated with
a variety of environmental factors within the Lehigh River. The conductance,
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fluorescence ratio and the spectral slope can greatly affect the photobleaching rate as
observed in some simple multivariate modeling procedures. More importantly, k can
potentially be used as another index of the optical properties of CDOM. In systems
where k is unknown, it may become possible to predict k using other optical
parameters such as the spectral slope.
Furthermore, this study also illustrates the importance of direct and indirect
drivers on the photobleaching coefficient (k). Seasonal variations seem to primarily
be related to indirect controllers such as the precipitation and discharge. Rainfall has
the ability to dictate the quality of the material in the river system, which varies
substantially with season. On the other hand, the optical quality of the DOC can
directly control k. It is clear from this study that k is strongly related to and driven by
variables such as spectral slope, DOC-specific absorbance and fluorescence ratio.
However, as previously stated, k can also be defined as another measure or index
defining the optical quality of CDOM in a river.
Future studies on river systems will hopefully develop some optical
models that allow scientists to predict k using other optical parameters such as the
spectral slope (UV-B) and the fluorescence ratio. Furthermore, more research is
needed to determine how the effects ofphotobleaching and environmental factors
vary among river systems due to DOC composition, watershed area, land use and
size. The Lehigh River ~s a high priority river and is affected by ultra-violet radiation
in many regards. The effects that UVR has on CDOM may liberate nutrients that
could alter the biogeochemical cycling in natural waters (Morris and Hargreaves
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1997). It could also potentially increase the rate of carbon cycling, which could have
detrimental effects on a global scale. Thus, solar UVR has been considered an
underappreciated component of carbon cycling in freshwaters. Furthermore, solar
UVR can potentially result in an increase in water transparency, which can have
many ecosystem level effects. A greater transparency during peak solar radiation
times creates less refuge for aquatic organisms because UVR can penetrate to greater
depths. Unlike lakes that tend to have a greater depth refuge, many streams and
rivers are shallow and have profiles that allow UVR to penetrate to the bottom of the
channel. In these instances, it becomes increasingly apparent that the effects of





Distance (x) 305 320 340 380 PAR
em uW*nm-1*cm-l uW*nm-1*cm-l uW*nm-1*cm-l uW*nm-1*em-l uMol*s-l*cm-Z
7.6 1.27 7.42 16.16 6.39 1.08E-03
15.2 1.55 9.32 20.23 7.98 1.37E-03
22.9 1.60 9.83 21.44 8.50 1.49E-03
30.5 1.59 9.86 21.67 8.68 1.55E-03
38.1 1.63 10.12 22.43 9.00 1.63E-03
45.7 1.65 10.30 22.69 9.18 1.65E-03
53.3 1.64 10.27 22.72 9.27 1.68E-03
61.0 1.59 10.00 22.19 9.15 1.67E-03
68.6 1.53 10.15 21.77 8.94 1.64E-03
76.2 1.55 10.02 21.67 8.64 1.59E-03
83.8 1.59 9.89 21.57 8.56 1.58E-03
91.4 1.54 9.67 20.93 8.45 1.56E-03
99.1 1.51 9.52 20.89 8.34 1.50E-03
106.7 1.50 9.38 19.60 7.70 1.38E-03
114.3 1.18 6.82 15.19 6.12 1.07E-03
Table 1. PUV output on October 13,2003 measured at differentdistances along the lamp.
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Date 305 320 340 380 PAR
uW*nm-1*cm-2 uW*nm-1*cm-2 uW*nm-1*cm-2 uW*nm-1*cm-2 uMol*s-1*cm-2
8117/2003 1.469 9.164 20.647 8.144 0.002
10113/2003 1.495 9.258 20.454 8.310 0.002
10/2112003 1.479 9.130 20.533 8.211 0.002
Table 2. PUV output for the QPanel 340 lamp measured on three different dates.
Dilution DOC ad 320 urn Initial pH Buffered pH
wIDIwater mldL m-1
1 38.67 221.0 3.57 7.38
2 18.42 110.5 3.78 7.39
3 8.73 55.3 4.65 7.41
4 5.01 27.4 5.41 7.43
5 2.93 13.7 6.21 7.54
6 1.83 7.1 6.38 7.58
7 1.27 3.5 6.77 7.62
Table 3. Chemical and optical parameters for the concentration gradient experiment.
.l:>-
N
DO pH DOC Total F Ratio F abs a320IDOC S-UVB
m£/L @}25°C m£/L 450:500 320nm nm-1
AVGChan£e -0.83 -0.11 -0.17 -24186 -0.22 -2.57 -1.21 0.00382
Standard Error 0.06 0.02 0.01 1201 0:01 0.15 0.04 0.00016
MIN Chan£e 0.17 0.17 -0.02 -791 -0.00 -0.87 -0.45 0.00062
MAXChan~e -3.72 -0.71 -0.52 -57901 -0.60 -6.74 -1.96 0.00942
Significance * * * ** * ** ** **
Table 4. The average change in each variable is reported above. The change is calculated as final- initial average.
All the variables except the Spectral Slope UV-B decreased during the photobleaching process. Each variable
had a sample size ofn=72. The significance was found by calculating the standard error and at-statistic.






Table 5. Seasonal variations in k as well as the standard error.
-I:>
V'l
Discharge PrecipS pH Condo Alkalinity DOC Total F Ratio F abs 320 a320/DOC SUVB
k -0.46 -0.46 0.53 0.61 0.44 -0.41 -0.36 0.71 -0.61 -0.54 0.66
** ** ** ** ** ** * ** ** ** **
Table 6. A summary of the correlation analysis between the initial river conditions::md k: The r-values are reported as well

























Figure 1. Variations in irradiance with wavelength and position along the lamp. This
graph shows that the irradiance is fairly constant except for the edges of the lamp.
The outer 15 cm were not used in the photobleaching experiments. These results are

















Q Panel 340 Lamp
O.OOE+OO
280 320 360 400 440 480 520
wavelength (nm)
Figure 2. Irradiance data for the incident solar spectrum and a Q Panel 340 Lamp.
The solar data was obtained from R.E. Moeller (unpublished).
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Figure 3. A 48-hour lamp vs. sunlight experiment using Lehigh River water. The























Figure 4. The lamp vs. sunlight experiment demonstrates that the lamp effectively
reproduces natural solar photobleaching effects. This graph shows the percent
variation from natural sunlight for Lehigh River water using absorbance values. The










Figure 5. Semi-log graph of the time-series experiment. This demonstrates that the
























Figure 6. Variance in k average at 320 nm with change in initial absorbance. Bog
water was diluted to various concentrations to show variations in k with absorbance.




























Test Run 2 Run 4 Run 6 Run 8 Run 13 Run 16
experiment
Figure 7. k average values for the humic acid standard for each experiment. This
graph demonstrates the small variation in k values over time with significance to the
95% confidence interval (dashed lines). The standard error of the mean is 4.3%. The
coefficient ofvariance is 18.49%. The 95% confidence interval for the slope of line is
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Figure 8. The change in spectral slope values in the UV-B wavelengths is strongly
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Date
Figure 9a. Seasonal trends in k average, spectral slope UV-B and the DOC-specific
absorbance over the two-year study period from June 2001 to June 2003.
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Figure 9b. Seasonal trends in DOC concentration, the fluorescence ratio and
discharge over the two-year study period from June 2001 to June 2003.
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quadrant
Figure 10. Variations in k by season. Figure lOa shows the variations between each
year and season, whereas Figure lOb only shows the variations between the seasons.
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Figure 13. The DOC-specific absorbance in relation to k. This parameter is an
indicator of the quality of the material being photobleached and decreases with an
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Figure 14. The spectral slope ofUV-B compared to k. The slope becomes more
negative as k increases meaning that the slope becomes steeper. This is a
characteristic transformation during the photobleaching process.
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Figure 15. The fluorescence ratio has a strong relationship to k to the 99% confidence
interval. The source of the material being photobleached explains 51% of the
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Figure 16. Correlation analysis between conductance and k. Conductance varies a
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Figure 18. Two extremes of CDOM quality as illustrated by optical variables such as
k, S and the fluorescence ratio.
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Figure 19. Optical properties characterizing DOC quality
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Discharge Precip5 pH Condo Alkalinity TPM DOC Total F Ratio F abs a320IDOC k SUVB
Discharge 0.40 -0.67 -0.69 -0.62 0.54 ns 0.29 -0.68 0.59 0.66 -0.46 0.65
** ** ** ** ** * ** ** ** ** **
Precip5 0.40 -0.33 -0.39 -0.32 0.49 0.45 0.55 -0.45 0.59 0.32 -0.46 0.45
** * ** * ** ** ** ** ** * ** **
pH -0.67 -0.33 0.77 0.78 -0.32 ns ns 0.74 -0.54 -0.73 0.53 -0.83
** * ** ** * ** ** ** ** **
Conductance
-0.69 -0.39 0.77 0.71 -0.47 ns -0.38 0.82 -0.62 -0.79 0.61 -0.82
** ** ** ** ** * ** ** ** ** **
Alkalinity -0.62 -0.32 0.78 0.71 -0.34 -0.26 -0.27 0.76 -0.52 -0.65 0.44 -0.74
** * ** ** ** * * ** ** ** ** **
TPM 0.54 0.49 -0.32 -0.47 -0.34 0.37 0.58 -0.41 0.59 0.36 -0.34 0.38
** ** * ** ** * ** * ** ** * *
DOC ns 0.45 ns ns -0.26 0.37 0\84 -0.35 0.81 ns -0.41 0.42
** * * \* * ** ** *
Total F 0.29 0.55 ns -0.38 -0.27 0.58 0.84 1\ -0.31 0.86 0.24 -0.36 0.42
* ** * * ** ** \ * ** * * **
Ratio F -0.68 -0.45 0.74 0.82 0.76 -0.41 -0.35 -0.31 '\ -0.67 -0.71 0.71 -0.85
** ** ** ** ** * * * ** ** ** **
abs 0.59 0.59 -0.54 -0.64 -0.52 0.59 0.81 0.86 -0.67 0.54 -0.61 0.75
** ** ** ** ** ** ** ** ** ** ** **
a320IDOC 0.66 0.32 -0.73 -0.79 -0.65 0.36 ns 0.24 -0.71 0.54 -0.54 0.76
** * ** ** ** ** * ** ** ** **
k -0.46 -0.46 0.53 0.61 0.44 -0.34 -0.41 -0.36 0.71 -0.61 -0.54 -0.66
** ** ** ** ** * ** * ** ** ** **
S UV-B -0.65 -0.45 0.83 0.82 0.74 -0.38 -0.42 -0.42 0.85 -0.75 -0.76 -0.66
** ** ** ** ** * ** ** ** ** ** **
Appendix A. This table is a summary of all the correlation analyses done for environmental factors and k. The correlations are




A02 ApH ADOC ATotal F ARatio F Aabs 320 Aa3201D0C kavg320 ASUVA ASUVB
Am TIS TIS 0.30 0.35 TIS TIS TIS os os
* *
ApH TIS TIS 0.30 os TIS TIS os os os
*
ADOC TIS os 0.54 TIS 0.72 -0.26 -0.40 0.28 TIS
** ** * * *
ATotal F 0.30 0.30 0.54 0.41 0.78 TIS -0.27 os os
* * ** ** ** *
ARatio F 0.35 TIS TIS 0.41 os TIS TIS os 0.34
* ** *
Aabs 320 TIS TIS 0.72 0.78 TIS TIS -0.46 TIS -0.37
** ** ** *
Aa3201D0C TIS os -0.26 TIS TIS TIS TIS TIS os
*
Kavg320 TIS TIS -0.40 -0.27 TIS -0.46 TIS TIS 0.69
* * ** **
ASUVA TIS TIS 0.28 TIS TIS TIS TIS os os
*
ASUVB TIS TIS TIS TIS 0.34 -0.37 TIS 0.69 TIS
* * **
Appendix B. This table summarizes the changes in parameters due to the photobleaching experiments. The r-values are
reported as well as the significance (denoted the same as in Appendix A).
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